Abstract Marker-trait associations based on populations from controlled crosses have been established in peach using markers mapped on the peach consensus map. In this study, we explored the utility of unstructured populations for association mapping to determine useful marker-trait associations in peach/nectarine cultivars. We used 94 peach cultivars representing local Spanish and modern cultivars from international breeding programs that are maintained at the Experimental Station of Aula Dei, Spain. This collection was characterized for pomological traits and was screened with 40 SSR markers that span the peach genome. Population structure analysis using STRUCTURE software identified two subpopulations, the local and modern cultivars, with admixture within both groups. The local Spanish cultivars were somewhat less diverse than modern cultivars. Marker-trait associations were determined in TASSEL with and without modelling coefficient of membership (Q) values as covariates. The results showed significant associations with pomological traits. We chose three markers on LG4 because of their proximity to the endoPG locus (freestonemelting flesh) that strongly affects pomological traits. Two genotypes of BPPCT015 marker showed significant associations with harvest date, flavonoids and sorbitol. Also, two genotypes of CPPCT028 showed associations with harvest date, total phenolics, RAC, and total sugars. Finally, two genotypes of endoPG1 showed associations with flesh firmness and total sugars. The analysis of linkage disequilibrium (LD) revealed a high level of LD up to 20 cM, and decay at farther distances. Therefore, association mapping could be a powerful tool for identifying marker-trait associations and would be useful for marker-assisted selection in peach breeding.
Introduction
Peach (Prunus persica L.) is the third most important temperate fruit crop worldwide, after apple and pear. The main producer countries are China, Italy, Spain, and the USA (FAOSTAT 2012; http://faostat.fao.org). Peach is native to China and spread to the Mediterranean through Persia (Hedrick 1917) . Later, peaches were brought by Spanish explorers to America and disseminated among the Aztecs in Mexico. From Mexico, peaches spread to New Mexico, Arizona, and California (Hedrick 1917) . Early peach culture was based on seed propagation, and for centuries, peach has been cultivated and selected for different agronomic characters, leading to locally adapted populations (Hedrick 1917) . Modern peach cultivars have a narrow genetic base due to the limited number of genotypes used as parents in breeding programs (Myles et al. 2009 ). Consequently, peach
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Electronic supplementary material The online version of this article (doi:10.1007/s11295-012-0553-0) contains supplementary material, which is available to authorized users. diversity has been drastically reduced by the use of modern cultivars that share a few common ancestors (Aranzana et al. 2003) . The Spanish peach industry was based on yellow, non-melting fleshed and clingstone types, but the replacement of the Spanish traditional varieties by introduced ones, mostly from North America, has induced the domain of the melting flesh cultivars (Badenes et al. 1998) . The local germplasm collection at the Experimental Station of Aula Dei (Zaragoza, Spain) has been previously evaluated, regarding harvest season from June to October and horticultural traits like flesh and skin color (yellow/orange/white), depth of stalk cavity (deep/shallow), stone adherence (clingstone/freestone), and size and shape of fruit (small/large and round/ovate) (Bouhadida et al. 2011) .
One of the most practical applications of DNA-based markers in breeding is the ability to select phenotypic traits using markers tightly linked to genes controlling these traits. Economically valuable fruit traits cannot be evaluated until the trees mature and produce ripe fruit. Once markers have been identified, marker-assisted selection (MAS) can increase economic returns as the larger selection gains compensate for the higher costs of MAS (Bus et al. 2009 ) since higher selection gains compared with phenotypic selection (Moreau et al. 2000) will accelerate the breeding process (Yousef and Juvik 2001) . The MAS application during the juvenile phase has been proposed to speed selection or reduce progeny sizes and the cost of carrying individuals to maturity in the field. The endoPG marker plays a vital role in fruit texture and cell wall degradation in peach. It has been used in peach breeding programs to distinguish between freestone and clingstone melting flesh and clingstone non-melting flesh progeny at the seedling stage (Peace et al. 2005) . Potential benefits of MAS for fruit breeding programs in Prunus are many, including estimation of haplotype frequencies and haplotype-phenotype associations (Bielenberg et al. 2009; Pozzi and Vecchietti 2009) . Peach is one of the best genetically characterized Prunus species, with known genes controlling important traits that display Mendelian inheritance patterns such as flesh color, flesh adherence to the stone, or acidity Monet et al. 1996) . The conventional approach for analysis of marker-trait association in Prunus uses mapping populations which segregate for the characters of interest. In peach, several candidate genes and quantitative trait loci (QTLs) controlling important traits, such as blooming and harvest date, soluble solids content, titratable acidity, sugars, and other fruit quality traits, have previously been mapped, and many have been located on the Prunus reference map (Arús et al. 2012 and references therein; Illa et al. 2011; Ogundiwin et al. 2009 ). To our knowledge, few of these molecular markers associated with fruit traits are being used in practical peach breeding programs.
Association mapping, also known as linkage disequilibrium (LD) mapping, is an approach that detects and locates genes relative to an existing map of genetic markers (Mackay and Powell 2007) . In plants, it can be done using a case-control design or unstructured populations (i.e., populations without progenies that are also non-pedigree linked) (Oraguzie et al. 2007) . A few studies have been carried out in the Rosaceae family members, including apple (Cevik et al. 2010 ) and pear (Oraguzie et al. 2010) . These studies demonstrated that association mapping is a valuable tool for determining marker-trait association, detecting novel genes for important agronomic traits, and developing tools for genome-wide variability surveys. The complex breeding history of many important crops and the limited gene flow in most wild plant species have created complex stratification within the germplasm, which could complicate association studies (Sharbel et al. 2000) . Analysis of population structure and accounting for admixture or subgroups within unrelated germplasm (Ganopoulos et al. 2011; Mariette et al. 2010) increase confidence in association studies.
Our study was designed (1) to analyze population structure within the peach/nectarine germplasm located at the Experimental Station of Aula Dei [Consejo Superior de Investigaciones Científicas (CSIC)], Spain and (2) to explore the utility of association mapping for detecting marker-trait association in fruit quality traits for potential application in breeding programs.
Materials and methods

Plant material
A collection of 94 peach and nectarine (P. persica (L.) Batsch) cultivars encompassing a wide range of geographic origins was used in this study (Table 1) . This set included 43 native local Spanish cultivars and 51 modern cultivars mostly from the USA, but also from France, Italy, New Zealand, and South Africa. The presumed parentage of most of these cultivars is also included. The genotypes were grown under Mediterranean soil conditions at the Experimental Station of Aula Dei (CSIC) located at Zaragoza in the Ebro Valley (northern Spain).
Fruit sampling
Twenty fruits were randomly harvested from each cultivar at commercial maturity. Fruits were peeled and cut longitudinally into two halves, and a portion of the mesocarp was removed from each half and cut into small pieces. A composite sample of 5 g was built by mixing all pieces from the selected fruits. This was frozen in liquid nitrogen and kept at −20°C until analyses. Samples for vitamin C determination were kept at −20°C in metaphosphoric solution (5 % HPO 3 ) until analysis for preservation of oxidation. For analysis of sugar content, samples were homogenized with 10 mL of extraction solution consisting of 800 mL/L ethanol/Milli-Q water. For analysis of antioxidant compounds, samples were homogenized with 10 mL of extraction solution consisting of 0.5 N HCl in methanol/Milli-Q water (80 % v/v), and to determine vitamin C, samples were homogenized with 5 % HPO 3. Samples were homogenized using an Ultra-Turrax homogenizer (IKA Works, Inc., Wilmington), and extracts were centrifuged at 20,000×g for 20 min at 4°C, and the supernatant was collected and stored at −20°C.
Evaluation of pomological traits
The germplasm was evaluated for morphology of flowers, leaves, and fruits. Bloom and harvest dates were recorded in Julian days. Flower and leaf traits were measured directly in the field, while some of the fruit traits were measured in the laboratory immediately after harvest. Phenotypic evaluations were made in 2008, 2009, and 2010. The 11 pomological traits of flowers and leaves evaluated include anther color (red-brown and red-yellow), bloom type (showy and non-showy), flower density (high, medium, and few), flower size (small and big), flesh color (yellow and white), flesh type (melting and non-melting), fruit type (peach and nectarine), gland type (globose and reniform), petal color (pinksalmon and pink), shape type (round and ovate), and stone type (clingstone and freestone). Moreover, other 15 parameters were analyzed including fruit weight (FW; grams), flesh firmness (Newton), soluble solids content (SSC;°B rix), titratable acidity (TA; grams malic acid/100 g FW), ripening index (RI; SSC/TA), and concentrations of vitamin C (milligrams AsA/100 g FW), anthocyanins (milligrams C3GE per kilogram FW), total phenolics (milligrams GAE/ 100 g FW), flavonoids (milligrams CE/100 g FW), relative antioxidant capacity (micrograms TE per gram FW), and sugars (grams per kilogram FW). SSC measures total juice dissolved solids, including sugars (sucrose, glucose, fructose, and sorbitol), salts, proteins, and acids, while total sugars is the sum of sucrose, glucose, fructose, and sorbitol after fixation and separation by HPLC.
The fruit weight was calculated considering the total number of fruits and the total yield per tree, as previously reported (Font i Forcada et al. 2012) . Flesh firmness was measured using a penetrometer (Model FT-327) on both sides of each fruit after removing a 1-mm thick disk of skin. SSC was measured with a digital refractometer (Atago PR-101, Tokyo, Japan). Titratable acidity and pH were determined using an automatic titration system with NaOH titrated to pH end point of 8.1 (Metrohm Ion analysis, 807 Dosing Unit, Switzerland). Ripening index was calculated based on SSC/TA ratio. Details for all methods were described by Abidi et al. (2011) and Cantín et al. (2009a) .
Phytochemical analyses were performed as described by Cantín et al. (2009b) with minor modifications based on Abidi et al. (2011) using a spectrophotometer (Beckman Coulter DU 800). Spectrophotometric determination of vitamin C (ascorbic acid) was as described in Zaharieva and Abadía (2003) . Total phenolics were determined by the Folin-Ciocalteau method as described in Singleton and Rossi (1965) , while measurement of total flavonoids was according to Zhishen et al. (1999) . The determination of total anthocyanins was based on Fuleki and Francis (1968) , while determination of antioxidant capacity was according to Brand-Williams et al. (1995) . Total sugars were purified and analyzed by HPLC (Waters 515, Milford, MA, USA) using a 300×7.8-mm column (Aminex® HPX-87C, CA, USA) and manual injection (20 μL injection volume) interfaced with a PC Millenium 32 software.
Microsatellite loci analysis and genotyping
For DNA extraction, one young leaf was collected from each tree, frozen immediately in liquid nitrogen, and stored at −20°C. DNA was isolated using the DNeasy Plant Mini Kit (Qiagen, Dusseldorf, Germany) following the manufacturer's instructions. Forty-two markers previously described in Prunus were tested in our population (Table 2 ). These markers were selected for their polymorphism in peach (Bouhadida et al. 2011 ) (dinucleotide or complex repeats) and their location on the Prunus reference map of "Texas" × "Earlygold" , http://www.rosaceae.org). Twenty-nine SSRs were separated using polyacrylamide gels, 11 markers were separated using an ABI PRISM 3130 Genetic Analyzer, and two were analyzed using an ABI PRISM 310 Genetic Analyzer as it is shown in Table 2 . Forward SSR primers were labelled with 5′-fluorescence dyes including PET, NED, VIC, and 6-FAM, and the size standard was Gene Scan TM 500 Liz® (Applied Biosystems) for the ABI PRISM 3130 and ROX (Applied Biosystems) for the ABI PRISM 310. For primers that were separated by polyacrylamide gels, the polymerase chain reaction (PCR) was performed in a 15-μL volume (Bouhadida et al. 2011) , and the reaction mixture contained 1× PCR buffer (Biotools, Madrid, Spain), 2 mM MgCl 2 , 0.2 mM dNTPs, 0.15 μM of each primer, 0.5 units Taq DNA Polymerase (Biotools, Madrid, Spain), and 10 ng genomic DNA. PCR was performed in a 16-μL volume when using genetic analyzer, and the reaction mixture contained 1× PCR buffer (Biotools, Madrid, Spain), LG linkage group location of the 42 SSR markers, AT annealing temperature used Tree Genetics & Genomes (2013) 9:331-3492 mM MgCl 2 , 0.2 mM dNTPs, 0.5 μM of each primer, 0.5 units Taq DNA Polymerase (Biotools, Madrid, Spain), and 30 ng genomic DNA. Both amplifications were conducted in a Gene Amp 2700 (Applied Biosystems) programmed as follows: 1 cycle of 3 min at 95°C, followed by 35 cycles of 1 min at 94°C, 45 s at the annealing temperature indicated in Table 2 for each primer, and 1 min at 72°C, followed by a final incubation of 7 min at 72°C and an infinite hold at 4°C . The gels were silver-stained as described in Bassam et al. (1983) . Fragment sizes were estimated with the 30-330-bp AFLP ladder DNA sizing markers (Invitrogen, Carlsbad, CA) and analyzed using the Quantity One program (Bio-Rad, Hercules, CA).
For automatic sequencing analysis, PCR products were multiplexed according to their size and primer labelling and separated on the platform of Parque Científico y Tecnológico de Aula Dei, Zaragoza, Spain, in an ABI PRISM 3130 Genetic Analyzer. Amplified fragments were sized using GeneMapper and PeakScanner software (Applied Biosystems). Additionally, fragment analyses for multiplexed primers in an ABI PRISM 310 Genetic Analyzer were performed following published protocols (Peace et al. 2005) at the Washington State University Irrigated Agriculture Research and Extension Center, Prosser, USA.
Data analysis
Genetic variability
Several genetic parameters were calculated for all 40 SSRs and between local and modern cultivars (Table 2) . Two multilocus markers (CPDCT013 and CPPCT004) were not included in this analysis because they are multiloci. The number of observed alleles per locus (A), effective number of alleles per locus (Kimura and Crow 1964) (A e ), observed heterozygosity (H o 0number of heterozygous individuals/ number of individuals scored), expected heterozygosity (H e 01−∑ρi 2 , where ρi is the frequency of the ith allele) (Nei 1973 ), Wright's fixation index (F is 01−H o /H e ), Shannon's information index (I) (Lewontin 1972) , and power of discrimination (PD) (Kloosterman et al. 1993 ) were calculated using PopGene 1.31 software (Yeh et al. 1997 , http://www.ualberta.ca). The marker data were used to generate a 0/1 matrix (presence/absence of allele in heterozygosity or homozygosity at the marker locus) that was used to estimate the genetic distance (GD) between cultivars. Genetic similarities were calculated using the Dice coefficient (Nei and Li 1979) , and a dendrogram depicting relationships of the germplasm was built from the GD matrix based on the unweighted pair group method average (UPGMA) cluster analysis in NTSYS-pc version 2.1 (Rohlf 2000) .
Analysis of population structure STRUCTURE analysis was performed on the whole dataset to test whether peach local cultivars and modern cultivars can be separated. The program STRUCTURE (version 2.3) implements a model-based clustering criterion for inferring population structure using genotypic data from unlinked markers (Pritchard et al. 2000) . We fitted all kinds of models including both "ancestry" and "allele frequency" models with the option of admixture/no admixture and allele frequency correlated/allele frequency independent, respectively. We used the statistic, ΔK (where K specifies the number of subpopulations or clusters), based on the rate of change in the log probability of the data (Evanno et al. 2005) to select the number of K (in our case, varying from two to six under the admixture model). We also performed ten independent runs per K value starting with 10,000 burn-in period and 100,000 MCMC replications. A burn-in of 20,000 and 250,000 Markov Chain Monte Carlo replications seemed to be the best fit for our data at K03. This cluster showed a very clear peak with the highest height which gave us an indication of the strength of the signal detected by STRUCTURE.
Linkage disequilibrium
The analysis of LD was calculated using the Trait Analysis by Association, Evolution and Linkage (TASSEL) version 3 software (http://www.maizegenetics.net). Alleles with frequency below 5 % (MAF) were removed. LD between pairs of multiallelic loci was calculated using the r 2 coefficient, separately for loci on the same or on different linkage group (LG). We chose the statistical r 2 as a measure of linkage disequilibrium instead of "D" which measures only recombination, whereas r 2 gives an indication of both recombination and mutation (Flint-Garcia et al. 2003) . The significance level of LD between loci was examined using a permutation test implemented in TASSEL software for multiallelic loci, using the "rapid permutation" option.
Association mapping
We used TASSEL with the General Linear Model (GLM) option (Yu and Buckler 2006) to examine association between the phenotypic traits and DNA markers. We focused the association mapping on LG4 on the Prunus reference map of "Texas" × "Earlygold" because the endoPG gene, involved in softening of peach fruit, is located on this linkage group (Peace et al. 2005) , as well as BPPCT015 and CPPCT028. Moreover, these markers showed the highest discrimination power estimation in our study. It is believed (Yu and Buckler 2006 ) that a structured association approach could correct for false associations using a Q-matrix of population membership estimates. Therefore, the population membership estimates obtained from STRUCTURE analyses were fitted as a covariate in a GLM where, phenotype0popu-lation structure+marker effect+residual. A standard correction for multiple testing, such as Bonferroni procedure (Schulze and McMahon 2002) , was applied. Significant markers were declared using the Bonferroni procedure at the p<0.00125 experimental-wide threshold. Alleles with minor frequency (MAF) lower than 5 % were removed (Wilson et al. 2004) . A minimal number of individuals (<10 %) were excluded in the less frequent class of pomological traits.
Results
Phenotypic evaluation and correlations
A broad phenotypic variation was found for most of the parameters studied in the 94 peach/nectarine cultivars. Range and means for the pomological traits, bioactive compounds content, and total antioxidant activity are shown in Table 3 . Harvest time was earlier almost 1 week every year. The earliest cultivars to be harvested 185 Julian days (late June) belonged to "Maria Serena" and "Super Crimson Gold", whereas the "Alcañiz 1" and "Calanda Tardío" latest were harvested with 275 Julian days (late October). Mean values of flesh firmness, vitamin C, phenolics, flavonoids, relative antioxidant capacity (RAC), and total sugars were 38 N, 13 mg AsA/100 g FW, 44 mg GAE/100 g FW, 24 mg CE/100 g FW, 842 μg TE/g FW, and 110 g/kg FW, respectively. The Pearson's correlation coefficients between pairs of traits are shown in Table 4 . High and significant correlations were found between harvest date, fruit weight, and concentrations of soluble solids, antioxidants, and sugars. These results show that when fruits are harvested late, they are sweeter, larger, and have high total phenolics, flavonoids, RAC, sucrose, sorbitol, and total sugar concentrations. A significant negative correlation was found between harvest date and flesh firmness and between ripening index, flesh firmness, and concentrations of flavonoids, total phenolics, sucrose, glucose, fructose, sorbitol, and total sugars. This suggests that softer fruit is linked to late harvest date and higher concentrations of sugars and healthbenefiting compounds.
High and significant correlations were found between total sugars and sucrose, glucose, fructose, and sorbitol, and between SSC and flavonoids, total phenolics, RAC, and sorbitol (Table 4) . Other important positive and significant correlations were found between RAC and fruit weight, SSC, vitamin C, flavonoids, and total phenolics and between total phenolics and fruit weight, SSC, and flavonoids. Flavonoids also correlated with fruit weight, SSC, and TA.
Allelic variation, fixation index, and heterozygosity measures Forty-two SSR markers amplified successfully in the 94 peach/nectarine accessions. To avoid potential error in estimating genetic parameters, markers CPPCT004 and CPDCT13, which amplified more than one locus, were excluded from the analysis. The average estimates of allelic variation, heterozygosity measures, Wright's fixation index, Regarding power of discrimination, the BPPCT015 and CPPCT028 were the best at discriminating between two random cultivars (PD00.73 and 0.72, respectively), whereas the less informative was BPPCT014 (PD00.06). Generally, genetic parameters were higher in modern than in local cultivars. The total number of alleles across all 40 SSR loci was higher in local cultivars (172) than in modern cultivars (159) (see ESM 1).
Population structure
The peach collection, including local cultivars and modern cultivars, was evaluated for population stratification or admixture using STRUCTURE software. Bar plots were obtained with different values of K, the assumed number of subpopulations. The maximum rate of change in the log probability of the data occurred at K03. In general, there were two populations with subpopulation one comprising modern cultivars and subpopulation two representing local cultivars. However, there was a little bit of admixture in each subpopulation suggesting allele sharing (Fig. 1 ). For comparison, at K03 (Fig. 1b) , the results were congruent, suggesting a more complex structure than with K 02 (Fig. 1a) . When increasing K, the subpopulations became almost inseparable (Fig. not shown) . Clusters obtained by STRUCTURE for population stratification were compared with the UPGMA analysis. The pattern of diversity in morphological characteristics within the germplasm is shown in Fig. 2 . A tree constructed from the SSR data divided the cluster into subclusters characterized by correspondence with fruit characteristics and local or modern cultivars. For example, nectarines, modern cultivars, and melting flesh varieties such as "Big Top", "Fantasia", "Flamekist", "Flavortop", "Queen Giant", and ns not significant, FW fruit weight, SSC soluble solids content, FF flesh firmness, TA titratable acidity, RI ripening index, RAC relative antioxidant capacity, TS total sugars *p≤0.05, **p≤0.01 represent significant values "Venus" are grouped in the same cluster. However, melting peaches "Benasque", "Lovell", and "Redhaven" group according to their origin. "Lovell" grouped close to "Halford", "Gomes", and "Starn", all USA cultivars, and "Redhaven" grouped close to "Baby Gold 6", "Baby Gold 7", and "Baby Gold 8", also all from the USA. Furthermore, some of the cultivars are clustered together following the reported parentage (Table 1) . Thus, "Andora" and "Carolyn" are clustered together as they came from the same cross ("Libee"×"Lovell"). This was also the case with "Starn" and "Shasta", "Suncling" and "Baby Gold 9", "Andross" and "Everts" or "Fantasia" and "Flamekist", that share a common parent ("Paloro", "PI35201", "Dix 5A-1", and "Gold King", respectively). In the dendrogram, there is a clear agreement between clusters representing genetic diversity and population structure at K02, particularly the differentiation of local cultivars and modern cultivars (Fig. 2a) . Most accessions grouped with either local cultivars (green) or modern cultivars (red). Also, there was a clear separation between peaches and nectarines ( Fig. 2b) and by leaf gland (Fig. 2e) . At K02, we observed a split between local cultivars and modern cultivars. At K03, the clusters of local and modern cultivars split into two subpopulations, and most cultivars fell into either a group with red-brown anthers (Fig. 2c) and pinksalmon petals (Fig. 2d) for local cultivars or a group with red-yellow anthers (Fig. 2c ) and pink petals (Fig. 2d) for modern cultivars. For nectarines, there is a clear connection between red-yellow anthers, pink petals, and leaf reniform gland. For peaches, the results are mixed. Finally, the separation between showy and non-showy flowers was difficult because the clusters were mixed (Fig. 2f) . With increasing K, the red subpopulation remained almost inseparable (at K 04 and K 05, Fig. 2 ), while the green subpopulation became divided into smaller subpopulations.
Linkage disequilibrium
Even though the density of coverage of the genome was low (the average distance between pairs of markers was 10 cM), we detected some trends of LD between pairs of markers (Table 5 ). For the whole set of varieties, overall LD was low, with some indication of higher LD up to 20 cM, and a decay at farther distances, to approximately the same level shown by unlinked markers. The same trend was observed for the local and modern cultivars. For the groups determined with the STRUCTURE analysis, LD relationship with distance was variable. Groups Q1 and Q3 showed higher LD overall, and it extended even to 30 cM at group Q1. For group Q2, LD was no different from background at any distance. Except for groups Q2 and Q3, intrachromosomal LD was slightly higher than interchromosomal LD. Attending to the distribution of LD across linkage groups, the markers of LG5 presented clearly higher scores than interchromosomal LD, or even intrachromosomal LD at the other linkage groups (Fig. 3 and ESM 2). LG7 also presented higher values than others at groups Q1 and Q3, but showed low values for the whole sample, or the local and modern cultivars (see ESM 2).
Association mapping
Analysis of marker-trait associations using 40 SSR markers with 26 pomological traits was done using TASSEL software. After the Bonferroni procedure, the number of associations was reduced from 296 to 55 using a modelling coefficient of membership (Q) values estimates from STRUCTURE as covariate and to 61 without co-variate. We will focus on significant associations obtained using Q values since they are more conservative (Table 6) . Henceforth, our attention will be on associations identified based on endoPG1, marker involved in The power of discrimination of these markers was higher than others located on the same LG (see ESM 1, 0.51, 0.73, and 0.72, respectively). BPPCT015 marker was significantly associated with harvest date (p00.0000072), flavonoids (p0 0.000081), and sorbitol contents (p00.000013; Table 6 ). CPPCT028 was associated with anther color (p 0 0.000011), flesh fruit color (p00.0000001), harvest date (p0 0.00037), phenolics (p00.000019), RAC (p00.00039), and total sugar (p00.00016) contents, while endoPG1 was associated with flesh firmness (p00.000070) and total sugar content (p00.00061). Table 7 shows the association between the genotype and haplotype with the pomological traits analyzed. The 167_167 genotype of BPPCT015 was associated with low concentrations of flavonoids and sorbitol content which are also linked to medium harvest date. In contrast, the 220_229 genotype was associated with late harvest and high concentrations of flavonoids and sorbitol. Furthermore, the 136_136 genotype of CPPCT028 was strongly associated with low concentrations of total phenolics, relative antioxidant capacity, and low to medium concentrations of total sugars, which are also linked to medium harvest date. The 136_138 genotype of CPPCT028 was associated with late harvest date and high concentrations of total phenolics, RAC, and total sugars. The 192_196 genotype of endoPG1 was associated with high firmness and low to medium concentrations of total sugars, while the 192_228 genotype Petal color: pink-salmon (Blue), pink (Pink) Bloom type: showy (Pink), non-showy (Lilac) Fig. 2 Dendrogram of 94 peach/nectarine cultivars based on pairwise genetic distances with 40 SSRs, and population structure based on different K values (K02, 3, 4, and 5) separating individuals based on a local versus modern cultivars, b fruit characteristics, c, d, f flower, and e leaf characteristics was associated with high concentrations of total sugars, which are also negatively linked to firmness. Only two haplotypes were associated with one trait. In particular, the 169/136 haplotype from BPPCT015/CPPCT028 was linked to early to medium harvest date, while the 209/134 haplotype was strongly associated with late harvest date.
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Allelic variation, fixation index, and heterozygosity measures
The 42 SSR markers covering the peach genome used to screen the 94 peach/nectarine cultivars were previously used for cultivar identification and genetic mapping (Testolin et al. 2000) and for phylogenetic studies in peach and other Prunus species (Aranzana et al. 2003; Bouhadida et al. 2007 Bouhadida et al. , 2009 Bouhadida et al. , 2011 . The successful amplification of these markers in peach and other Prunus species demonstrates the high synteny across this genus (Aranzana et al. 2003) . Markers BPPCT001, BPPCT006, BPPCT008, CPPCT006, CPPCT022, CPPCT029, PceGA34, pchgms3, and UDP98-412 were also used to study genetic variation in peach (Bouhadida et al. 2007 (Bouhadida et al. , 2011 , with reported polymorphism similar to ours. The mean value found in this study was of 5.10 alleles per locus, which is slightly lower that the 6.36 observed by the Aranzana et al. (2010) and 6.73 by Bouhadida et al. (2011) . The observed heterozygosity averaged (0.48) over the 40 SSR loci was slightly higher than reported values of 0.35 (Aranzana et al. 2003 (Aranzana et al. , 2010 and 0.23 (Bouhadida et al. 2011) . High F is values in combination with homozygosity (or individuals showing only one band) in these primers suggest the presence of a null allele (Brookfield 1996) . The presence of null alleles affecting heterozygosity could cause such differences. The fixation index and the power of discrimination were slightly lower than others reported (Aranzana et al. 2003; Bouhadida et al. 2011 ). The differences found in this study could be due either to the different plant material used or to the use of SSR markers with lower PD. The modern cultivars in our collection were as genetically diverse as the local cultivars. These results are different to those found in a self-incompatible species such as cherry (Mariette et al. 2010) , where local cultivars were more diverse than modern cultivars. This is congruent with current understanding of the evolutionary history of clonally propagated domesticated plants (McKey et al. 2010) . It is noteworthy that peach is the less polymorphic species within the Prunus because of its condition of self-compatibility.
Population structure
The analysis performed with the STRUCTURE software showed that using K02, the results suggested that our peach germplasm comprises two main subpopulations with some degree of admixture within both subpopulations (modern and local cultivars). With K03 and higher, the differentiation was not so apparent. Similar studies in peach reported three unstructured populations including 94 melting peaches, 39 nonmelting peaches, and 91 nectarines, indicating a strong subpopulation structure (Aranzana et al. 2010 ). In our study, nectarines grouped in one cluster similar to what the authors Table 3 for units, maximum, minimum, and mean values for the pomological traits evaluated above showed (see Fig. 2 ). Further, according to these authors, some non-melting peaches such as "Jerónimo", "Calabacero", "San Lorenzo", and "Maruja" grouped according to their Spanish origin, while "Baby Gold 7", "Baby Gold 8", "Andross", and "Catherina" grouped according to their foreign origin; a finding similar to our results. The domestication of peach was likely a complex process with several origins resulting from clonal propagation of desirable genotypes and sexual reproduction with local wild peaches. Domestication and breeding generally cause diversity loss, resulting in bottleneck and genetic drift. Diversity after a bottleneck depends on the ratio of wild and cultivated population sizes and the duration of the bottleneck (Haudry et al. 2007 ). In many fruit species, domestication occurred relatively late, so the bottleneck was relatively recent and its duration short. Although the population genetic parameters obtained suggest that Spanish local cultivars are slightly less diverse than modern cultivars, we interpret these results with caution since our sampling was limited to the material conserved in our collection. In particular, our local cultivars were selected from populations that have been seedpropagated, possibly over many generations, while the modern cultivars were obtained by crossing two individuals and selecting progeny. Other studies in peach addressing genetic variability of introduced and local Spanish cultivars showed differentiation of accessions according to adaptation to different environmental conditions (Bouhadida et al. 2011 ). In particular, Ebro Valley cultivars clustered with the USA releases, suggesting a common gene pool. These results agree, considering the active exchange of germplasm between both countries and the extensive use of Spanish cultivars in American peach breeding programs (Okie 1998 ).
Linkage disequilibrium
The overall level of LD detected was rather low, but this depends on the density of marker coverage, which was rather sparse in this study. The average interval was 10 cM, with a maximum of 16 cM at LG1, and a minimum of 8 cM at LG5, but the correlation of intrachromosomal LD with mean interval size across LG was low and nonsignificant (data not shown). Looking at trends of LD, it decreased with distance, fading away after 20 cM. This value is in the same range as the extent of LD found also in peach by Aranzana et al. (2010) . The higher LD observed in LG5 was evident for all groups of varieties, except for Q2 (see ESM 2-7). This means that the haplotypes of markers at this LG tend to be more homogeneous within groups than at other LGs. This may have been caused by a selection event of a founder effect affecting specifically genes of this LG, and that did not affect the group of varieties in Q2. One possible cause was the presence of a distinct group of nectarines (seven individuals), which was included within the modern cultivars and the Q1 groups, respectively, for the two classifications considered. This group is characterized by the presence of the allele that confers the non-hairy trait, at locus G in LG5. We can speculate that the varieties carrying this allele may have experienced linkage drag for the rest of LG5 during breeding, and this may have influenced the level of LD detected for this LG at the groups containing the nectarines. To test this hypothesis, we repeated the analyses of LD for the modern and Q1 groups excluding the nectarines, and the result was the same. Therefore, this higher level of LD at LG5 was not caused by the presence of the nectarine group.
Marker-trait associations and phenotypic correlations
Genome-wide analysis using a GLM procedure in TASSEL identified three loci, BPPCT015, CPPCT028, and endoPG1, which were previously mapped to chromosome 4 and associated with pomological traits in the peach/nectarine germplasm. We analyzed these markers separately because they are on LG4 and showed high polymorphism and power of discrimination. Different combinations of genotypes/haplotypes associated with important pomological traits were obtained. For example, the 192_196 and 192_228 genotypes of endoPG1 associated significantly with low/high content of total sugars and high/low firmness. Both parameters are indirectly linked because when fruits are ripe, they have low firmness and high total sugar content. Also, the significant negative correlation obtained between them confirmed the associations found. On the contrary, we did not find significant associations between endoPG1 and flesh type and stone type. This lack of association is probably because melting and freestone peaches and nectarines are not well represented in our germplasm. Only 10 cultivars out of 94 cultivars belong to the melting type, and 5 cultivars out of 94 belong to freestone. The lack of melting flesh type material in our collection happened because historically, the Spanish peach industry was based on non-melting flesh peaches, primarily derived from native populations, both for fresh market and canning purposes (Badenes et al. 1998; Cambra 1988; Herrero 1953) . Other important associations were found between the 167_167 and 220_229 genotypes of BPPCT015, the 136_136 and 136_138 genotypes of CPPCT028, with other pomological traits (i.e., different content in antioxidants and sugars). In addition, associations were found between the haplotypes 169/136 and 209/134 of BPPCT015/CPPCT028 with harvest date.
Furthermore, the correlations found in this work among several pomological traits confirm the associations discussed above. For example, high sorbitol was associated to high flavonoids and late harvest, and there exist significant positive correlations among harvest date, SSC, flavonoids, sorbitol, and total sugars. Genotypes with high sorbitol are currently of interest for fruit breeders (Ledbetter et al. 2006 ) since this sugar can be alternatively used as sweetener for diabetics (Cantín et al. 2009a) . Moreover, from a practical point of view, the significant positive correlations found between SSC and total sugars, and the fact that those characters were associated, suggest that high SSC can be used as an indirect measure to select genotypes for high total sugar and flavonoid content.
The results found in this study support the potential of the SSR association mapping for agronomical and biochemical important traits in peach. Besides several studies in identifying marker-trait association which have been published in other plant species in the Rosaceae family (Cevik et al. 2010; Oraguzie et al. 2010) , to our knowledge this is the first study concerning association mapping with pomological traits in peach.
Previously in peach, several QTLs affecting pomological and agronomic traits that have been on the Prunus reference map were reported on LG4 for SSC, TA, and pH (Cantín et al. 2010a) ; SSC, glucose, fructose, sorbitol, blooming and harvest date (Arús et al. 2012 and references therein). Other QTLs for fructose, sorbitol content, and several organic acids were also located on LG4 on a region corresponding to bin 4:27 of T×E (Ogundiwin et al. 2009 ). In addition, it is remarkable to note that other authors found QTLs for glucose, fructose, and sorbitol in peach linked to the BPPCT015 marker (Illa et al. 2011 ) and for ripening date in almond linked to the CPPCT028 (Sánchez-Pérez et al. 2007 ). Other QTL explaining maturity date was mapped near the EPPISF032 marker on LG4 , and others controlling antioxidant compounds' content (Abidi, personal communication) were located on this linkage group. Besides these QTLs, several candidate genes linked to a potential role acidity, and phenolic content and fruit growth were mapped on other LGs 3, 5, and 7 (Le Dantec et al. 2010) . Regarding bloom date, we did not find any correlation or association in our study. However, Fan et al. (2010) found strong QTLs on LG1 during four years in a segregating family. These differences could be probably due to the different plant material used in both studies apart of the environmental effects on bloom date as it was already discussed by these authors. The range of blooming date in the population varied from 16 (year 2006) to 53 days (year 2007), while our 94 genotypes showed only 8 days of variation among genotypes. Likewise, some SSR markers linked to specific monogenic traits have been developed in peach, although few practical examples have been described in MAS. The endoPG gene has been used in marker-assisted selection for distinguishing between melting and non-melting at the seedling stage in peach breeding programs (Peace et al. 2005) . Concerning the showy flower type (Sh), Fan et al. (2010) located the gene on LG8 1cM from CPPCT006, and Eduardo et al. (2011) described the character cosegregating with ssrCITA15 on the same LG. Another marker, MA014a, apparently was defined controlling flat fruit (S) and aborting fruit (Af) as single gene (Dirlewanger et al. 2006) ; however, some discrepancies were described for other authors (Cantín et al. 2010b ).
Based on the significant marker-trait association highlighted above, marker-assisted breeding facilitates selection, including prediction of genotype of progeny, leaving only selections with favorable genotypes/alleles for desired pomological traits, and characterizing parents used in peach breeding programs. Additionally, this work provided promising results concerning association mapping with pomological traits that could be applied in other Prunus species because of the complete synteny found inside the Rosaceae family.
The present study demonstrates for the first time evidence concerning the utility of association genetics and its potential to generate useful marker-trait associations for application in peach breeding. STRUCTURE analysis identified two main groups, local and modern cultivars, with some admixture within groups. The local cultivars were slightly less diverse than modern cultivars, probably because they were mainly non-melting peach types, while the modern cultivars comprised both melting and nonmelting peach and nectarine varieties. In addition, our results indicate a subpopulation structure and a relatively high level of linkage disequilibrium conservation. Furthermore, significant associations were observed between genotypes and haplotypes of markers BPPCT015, CPPCT028, and endoPG1 and pomological traits. In particular, two genotypes from BPPCT015 were associated with low and high values of harvest date, and flavonoid and sorbitol content. Also, two genotypes from CPPCT028 were associated with low and high values of harvest date, total phenolics, RAC, and total sugars. Finally, two genotypes of endoPG1 were linked to flesh firmness and total sugars. As these traits are linked, using a marker to select for one trait would mean indirect selection for other traits, capturing correlated responses. The associations determined in this study would be very useful for deployment for marker-assisted selection (MAS) in peach breeding programs, although further research is needed to validate these associations in other populations from a different genetic background. New studies are in progress mapping thousands of SNPs (RosBREED_Peach chip from Illumina® Infinium®) to facilitate genome-wide scans and validate marker-locus-trait associations for application in breeding.
